In Mesembryanfhemum crystallinum, the salt stress-induced metabolic switch from C, photosynthesis t o Crassulacean acid metabolism is accompanied by major changes in gene expression. However, early effects of salt exposure (i.e. prior to Crassulacean acid metabolism induction) on genes coding for vacuolar transport functions have not yet been studied. Therefore, the expression of vacuolar H+-ATPase genes was analyzed i n different organs of 4-weekold plants stressed with 400 mM NaCl for 3, 8, or 24 h. Partia1 cDNAs for the subunits A, B, and c were cloned and used as homologous probes for northern blot analysis. I n control plants, the mRNA levels for the different subunits showed organ-specific differences. I n fully expanded leaves, subunit c mRNA was very low but increased transiently during the light period. Plant organs also differed i n their salt-stress response. In roots and young leaves, mRNA levels for all three subunits increased about 2-fold compared t o control plants, whereas in fully expanded leaves only subunit c mRNA responded to salt. The results indicate that the expression of vacuolar H+-ATPase genes does not always involve a fixed stoichiometry of mRNAs for the different subunits and that the mRNA level for subunit c is particularly sensitive to developmental and environmental changes.
The facultative halophyte Mesembryanthemum crystallinum is a typical salt-including species (Lüttge, 1993) that accumulates NaCl in the leaves. At the cellular level, NaCl sequestration into the vacuole is catalyzed by a Na+/H+ antiport mechanism (DuPont, 1992; Lüttge, 1993, and refs. cited therein). The secondary Na+ / H + antiporter is driven by two primary proton pumps, the vacuolar H+-ATPase and the H'-pyrophosphatase. In leaves of M . crystallinum, H+-pyrophosphatase activity declines with age, whereas activity of vacuolar H+-ATPase remains high (Rockel et al., 1994) . Therefore, it is most likely that the latter pump plays the major role in driving the N a + / H + antiport in mature leaves. 
(B4).
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In view of the active involvement of the vacuolar H+-ATPase in vacuolar Naf sequestration, the question arises, to what extent is the expression of vacuolar H+-ATPase genes modulated in response to salt stress. Because the vacuolar H+-ATPase holoenzyme is a multimeric protein, which consists of 9 to 10 different subunits (Sze et al., 1992) , its formation requires expression of several genes with at least some degree of coordination. According to current models, the H+-ATPase holoenzyme (Nelson and Taiz, 1989; Sze et al., 1992) consists of two parts, a peripheral head-like structure exposed to the cytoplasm, the V,-part, with three copies of subunit A (70 kD, catalytic subunit), three copies of subunit B (60 kD), and one copy each of subunits C, D, and E, and the membrane integral part, V,, which consists of six copies of subunit c (16 kD, the proteolipid) and, possibly, one to three more putative subunits of yet unidentified function. Because the electrochemical H+ gradient established by the vacuolar H+-ATPase serves important cellular housekeeping functions in virtually a11 cell types, it is conceivable that its genes are continuously expressed. Few data are as yet available concerning stressrelated changes in transcript levels of plant vacuolar H+-ATPase genes, and expression analysis has focused on the catalytic subunit. Thus in salt-deadapted tobacco cells, the transcript level for subunit A showed a moderate (about 2-fold) increase after renewed exposure to salt (Narasimhan et al., 1991) . Recently, for tomato plants, an increased level of subunit A transcript after salt exposure was reported (Binzel and Dunlap, 1994) .
In the present study we analyzed early effects of salt exposure on vacuolar H+-ATPase gene expression in M. crystallinum, i.e. effects that occur 3, 8, and 24 h after treatment with 400 mM NaC1. In this species, prolonged salt exposure, i.e. over several days, leads to a metabolic switch from C, photosynthesis to CAM (DeRocher and Bohnert, 1993; Thomas and Bohnert, 1993; Vernon et al., 1993) . However, the early effects of salt stress on expression of vacuolar H+-ATPase genes reported in the present study occur well before any CAM-related nocturnal malate accumulation is observed . We have analyzed mRNA levels for the vacuolar H+-ATPase subunits A, B, and c (Sze et al., 1992 ern blot analysis indicates that (a) steady-state transcript levels for subunits A, B, and c are present in different ratios in leaves and roots; (b) in fully expanded leaves of control plants, the amount of mRNA for subunit c exhibits a significant transient increase during the light period; and (c) in salt-exposed plants, roots and shoots respond in an organ-specific way with respect to relative transcript levels for the different subunits. The results show that both ontogenetic modulation and stress-induced gene-specific responses are involved in the regulation of vacuolar HtATPase gene expression.
MATERIALS AND METHODS

Plant Material
Plants of M. cvystallinum were grown from seeds as previously described (Rockel et al., 1994) at a day/night cycle of 12/12 h and 25°C during the light period (RH 50-60%) and 15°C during the dark period (RH 60-70%). Photon flux density (400-700 nm) at plant leve1 was 400 p E m-'s-' (Osram [Frankfurt, Germanyl HQI-R lamps). Four-weekold plants were chosen for the experiments. Control plants were harvested 3, 6, and 11 h after the onset of the light period and again 3 h after the onset of the next light period.
For salt exposure, plants were treated with 400 mM NaCl (instead of water) 3 h after the onset of the light period and harvested 3,8, and 24 h later. Roots, fully expanded leaves (corresponding to the primary leaf and the following leaf pair), and young leaves (length < 2 cm, including the apex) were harvested from control and salt-treated plants and immediately used for RNA extraction. lsolation of Total RNA and Cenornic DNA Isolation of total RNA followed the protocol of Logemann et al. (1987) . For each isolation three plants were harvested. Extraction of genomic DNA was performed according to the method of Murray and Thompson (1980) , and DNA was purified by CsC1-gradient centrifugation. Total RNA from old leaves, which had been further purified by LiCl precipitation, was used for primary-strand cDNA synthesis with Moloney murine leukemia virus reverse transcriptase (GIBCO-BRL). Different dilutions of the primary-strand cDNA reaction (1/10 or 1/100) were subjected to PCR with sets of primers directed against conserved sequence motifs: (a) for subunit A, sense primer 5'-ATCTTTGATGGTATTCAGAGACC-3' and antisense primer 5'-AGGATCCCGAGCAGCCACAGGCAT-3', corresponding to amino acid positions 101 to 108 and 321 to 326, respectively, of subunit A from Daucus cavota (Zimniak et al., 1988) ; (b) for subunit B, sense primer B1 and antisense primer B2 as previously reported (Hortensteiner et al., 1994) , corresponding to amino acid positions 143 to 148 and 308 to 312, respectively, of subunit B from Arabidopsis thaliana (Manolson et al., 1988) ; and (c) for subunit c, sense
and antisense primer 5'-AAGATGAGA/GATG/CAGGAT-CATGCC-3', corresponding to amino acids 49 to 56 and 133 to 140, respectively, of subunit c from Avena sativa (Lai et al., 1991) . The conditions for PCR in a reaction volume of 100 pL were 2.5 units of Taq polymerase (Stratagene), 1 X Taq buffer, 25 p~ each deoxyribonucleotide triphosphate, and 20 pmol of each primer; initial denaturation was at 93°C for 5 min, followed by 30 cycles of 93°C for 30 s, 55°C for 60 s, and 72°C for 60 S, and final elongation for 10 min at 72°C. The amplified partia1 cDNAs were cloned blunt ended into the EcoRV site of SK-I1 pBluescript (Stratagene). Positive identification was done by either sequencing with the Sequenase I1 kit (United States Biochemical) or cycle sequencing with the Cyclist kit (Stratagene). DNA and protein sequence alignments were performed with the PCGENE software (Intelligenetics, Mountain View, CAI.
Nonradioactive Northern and Southern Blot Analysis
Nonradioactive northern blots with biotinylated probes synthesized by PCR were performed according to the method of Low and Rausch (1994) . For Southern blots, genomic DNA was digested for 3 h at 37°C with 20 units enzyme/pg DNA. The DNA concentration in the digestion reaction was 50 ng/pL. After digestion, the DNA was precipitated with isopropanol and 3 pg were loaded per lane and separated on 0.8% agarose gels in 1 X Tris-acetate-EDTA. After blotting the membrane was UV cross-linked (Stratalinker, Stratagene). Solutions for prehybridization and hybridization contained 30 to 50% formamide, 1% SDS, 1 M NaCl, 6% PEG, and 250 pg salmon sperm DNA/mL. The hybridization temperature was 37°C for the subunit c probe (280 bp) and subunit B probe (450 bp) and 40°C for the subunit A probe (700 bp). High-stringency washes were done for approximately 75% homology with 0.2X SSPE (48°C for subunit B, 46°C for subunit c, and 52°C for subunit A probes). Hybridized probe was detected with a nonradioactive detection kit (Southern-Light; Tropix, Bedford, MA).
Nonradioactive Probe Labeling
A11 probes were labeled by PCR amplification. The labeling mixture included 12.5 p~ biotin-16-dUTP and 12.5 p~ deoxyribosylthymine 5'-triphosphate, and the other deoxyribonucleotide triphosphates were 25 p~. Templates for PCR were the partial cDNAs (obtained by PCR from the primary-strand cDNA) cloned into SK-11-pBluescript (Stratagene); 35 cycles were used for amplification. The probe concentration in a11 hybridization solutions was 0.1 nM.
Quantification of Northern Blots
Northern blots were scanned densitometrically with a Quick Scan R&D (Helma Laboratories, Beaumont, TX) linked to an SP 4270 integrator (Spectra Physics, Darmstadt, Germany). Equal loading of blots was assessed by scanning the signals of 18s RNA detected with a randomly labeled biotinylated 185 RNA probe. Because the signal ratio of subunit B to 18s RNA was similar in roots and young and fully expanded leaves of nonstressed plants, this subunit provided an additional internal standard.
Reproducibility of Transcript Quantification
The relative differences in transcript levels for subunits A, B, and c in roots and young leaves as compared to fully expanded leaves, as well as the transient increase of subunit c mRNA in leaves during the light period, have been confirmed in plants from three independent experiments. The accuracy of signal quantification by densitometric scanning was confirmed by comparative evaluation of three to five different blots using the same RNA samples (SDS < 15%). The higher plant vacuolar H+-ATPase is a multimeric protein complex composed of a peripheral head structure, including the catalytic subunit A, and a membrane integral part, which includes the proton channel (Sze et al., 1992) ; therefore, gene expression studies should address more than one single subunit, because it is unclear to what extent expression of the individual subunits is quantitatively coupled. Therefore, we have cloned partial cDNAs for two peripheral subunits, A and B, and the membrane integral subunit c (the proteolipid) by means of the PCR. The protein alignments (Fig. l) indicate high sequence conservation among plants. The high similarity of the subunit A subsequence with the corresponding D. carota sequence (including the GKTV motif involved in substrate binding [Zimniak et al., 19881) leaves no doubt about the identity of the cloned cDNA fragment of M . crystallinum. The same holds for the cloned fragment of subunit c, which aligns perfectly with the corresponding sequences from three other higher plants. The alignment of the subunit B fragment of M. crystallinum with the corresponding sequences of two dicot and one monocot species reveals only one nonconserved sequence motif, which is bordered by the highly conserved motifs QAGLV and FAIFVAA. The percentage of identities between M . crystallinum and other higher plant vacuolar H+-ATPase sequences are summarized in Table I . Whereas at the protein leve1 sequences are more than 95% identical, the corresponding nucleic acid sequences are between 75 and 87% identical.
The subcloned partial cDNAs were used as probes for Southern blot analysis (Fig. 2) . The enzymes used for restriction (BamHI, EcoRI, EcoRV, and HindIII) do not cut within the partial cDNA sequences. The hybridization patterns indicate the existence of one or two genes for each subunit.
Differential Expression of Vacuolar H+-ATPase Subunit Genes in Roots and Leaves of Control Plants
Transcript levels for the subunits A, B, and c in roots and young and fully expanded leaves of 4-week-old control 
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. . plants were determined by northern blot analysis (Fig. 3) .
Transcript sizes of subunits A, B, and c were 2.6, 2.2, and 1.2 kb, respectively. Transcript amounts showed little variation during the day except for subunit c mRNA in fully expanded leaves (see below). The results of transcript quantification from plants harvested 3 h after the onset of the light period are summarized in Table 11 . For comparison, area units obtained for the transcripts in roots were arbitrarily set to 1 for each subunit. The ratios of area units for subunit B and 18s RNA were almost identical (?10%) for roots and young and fully expanded leaves (data not shown). Therefore area units for subunit B provided an internal standard. The results indicate that relative transcript levels for the subunits A, B, and c were clearly different in the different organs. Whereas in leaves there was about 2-fold more message for subunit A compared to roots, subunit c mRNA was extremely low in fully expanded leaves compared to roots and young leaves.
Transient Increases of Transcript Levels for Subunit c during the Light Period in Fully Expanded Leaves of Control Plants
In control plants, transcript levels for subunit c in fully expanded leaves did not remain constant during the light phase of the day-night cycle (light regime: 14 h light/10 h dark). A transient increase of about 3-fold was observed, with the maximum reached toward the end of the light period (Figs. 3 and 4) , whereas message levels for subunits A and B remained fairly constant. In young leaves, a slight, transient increase was observed again only for subunit c mRNA (Figs. 3 and 5) . In roots, after 24 h transcript levels had declined by 20 to 50% for all three subunits (Figs. 3 and  6 ). We attribute this decline to a transient anaerobic stress resulting from intense watering at time 0 (control plants received the a volume of water equal to the NaCI solution used for the stress treatment; see below).
Expression of Vacuolar H + -ATPase Genes after Salt
Exposure: Organ-Specific Effects on Transcript Levels for Subunits A, B, and c
In roots of salt-treated plants (application of 400 mM NaCI at time 0), transcript levels for all three subunits remained constant or showed a slight increase during the 24-h period when compared to transcript amounts prior to salt treatment. However, when compared to the values of control plants after 24 h, an increase of about 2-fold was observed for all three subunits (Figs. 3 and 6 ). Thus salt treatment prevented the decline in transcript levels observed in control plants. In young leaves, transcript levels for all three subunits increased about 2-fold upon salt treatment as compared to control plants (Figs. 3 and 5) . It is noteworthy that the increase of subunit c mRNA was transient. The strongest increase after salt treatment, about 3-fold, was observed for subunit c mRNA in fully expanded leaves (Figs. 3 and 4) . This salt effect was super- Transcript levels for subunit B were arbitrarily set to 1 (see text for explanation). Because comparisons may be made only between different organs but not between transcript levels for different subunits (because of different probe size and other factors), transcript levels in roots were arbitrarily set to 1 for all subunits. imposed on the transient increase observed in control plants during the light period, thus leading to an overall 9-fold increase. As a result, the level of subunit c mRNA in fully expanded leaves reached the level normally found in roots and young leaves of control plants (see Table I1 for comparison). The sequence analysis of partial cDNAs from the vacuolar H+-ATPase subunits A, B, and c of M. crystallinum (Fig. 1) has confirmed the high conservation of these subunits in plants. When the partial cDNAs of the M . crystallinum subunits were used as homologous probes for Southern blot analysis, we obtained evidence for one or two genes for each subunit. In all higher plants tested, with the exception of A. thaliana, two genes are present for subunit A (Starke and Gogarten, 1993) as determined by intronspanning PCR. Similarly for subunits B and c, evidence has been obtained for the existence of isoforms in higher plants (Lai et al., 1991; Berkelman et al., 1994) . For M . crystallinum, an antiserum directed against the holoenzyme of the vacuolar H+-ATPase from Kalanckoe daigremontiana detected two immunoreactive polypeptides each for subunits A and B, with slightly different pI values in both cases (A. Zhigang and T. Rausch, data not shown). For the expression analysis of M. crystallinum vacuolar H+-ATPase, we have assessed transcript levels under conditions where isoform mRNAs of 280% sequence identity at the DNA level would have been co-detected. Thus the quantitative data for transcript levels of subunits A, B, and c discussed in the following paragraphs most certainly reflect total message levels without isoform specification. revealed significant organ-specific differences ( Fig. 3 ; Table   11 ). The constant ratio of subunit B mRNA to 18s RNA in leaves and roots provided our analysis with an interna1 "ATPase standard" for comparisons of mRNA levels for subunits A and c. A significant reduction of steady-state transcript level for subunit c in fully expanded leaves was also recently found in 8-week-old hydroponically grown sugar beet plants (M. Kirsch and T. Rausch, unpublished results). It has not yet been determined whether this decline in subunit c mRNA is the result of a selective transcriptional down-regulation and/or posttranscriptional events. The unchanged transcript levels for subunits A and B show that there is no coordinate transcriptional down-regulation of any vacuolar H+-ATPase genes. The down-regulation of subunit c mRNA may indicate a reduced need for subunit c in fully expanded leaves, an organ without cell expansion growth. In a recent study of expression of the plasma membrane H+-ATPase in the halophyte Atriplex nummularia (Niu et al., 1993) , it was shown that old leaves had a drastically reduced transcript level, although this proton pump, like the vacuolar H+-ATPase, is assumed to perform essential housekeeping functions. It could be argued that in old leaves a different isoform of subunit c is expressed. However, under the stringency conditions applied in this study an isoform would have been equally detected. In summary, the comparison of transcript levels for subunits A, B, and c in roots and leaves indicates a complex regulation of vacuolar H+-ATPase gene expression with a significant developmental component. Our study indicates a significant modulation of transcript levels for the vacuolar H+-ATPase subunit c (proteolipid) in fully expanded leaves during the light period. The molecular mechanism leading to an apparently diurna1 expression pattern for subunit c mRNA (Figs. 3 and 4) has not yet been identified. Regulation by turgor would be an attractive hypothesis. In studies of cell turgor and leaf water potential in M . crystallinum plants (Rygol et al., 1986; Winter and Gademann, 1991) , it was shown that in mesophyll cells turgor exhibits daily changes, with maximum values at the end of the dark period (0.06 MPa) and minimum values at the end of the light period (about 0.03 MPa). Our results would then indicate that in fully expanded leaves transcript levels for subunit c increase when cell turgor decreases. We do not yet know whether the transient increase in subunit c mRNA precedes an increased de novo synthesis and/or turnover of the proteolipid. Recently, a turgor-mediated regulation of gene expression was demonstrated for another vacuolar transport protein, the tonoplast intrinsic protein (Guerrero and Crossland, 1993) , which is assumed to catalyze transport of small metabolites but may also serve as a water channel (Maurel et al., 1993) .
The differential changes of transcript levels in roots and leaves at 3,8, or 24 h after salt exposure (Figs. 3-6 ) indicate organ-specific responses. Malate analysis confirmed that both control and salt-stressed plants remained in the C, state throughout the experimental period (data not shown). In fully expanded leaves, young leaves, and roots, NaCl levels were increased by about 10, 100, and 150%, respectively, after 24 h of salt treatment. Whereas in roots and young leaves higher transcript levels were found for a11 three subunits, in fully expanded leaves subunit c mRNA was specifically up-regulated, although this increase appeared to be transient.
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